Recently, it has become possible to generate cloned mice using a somatic cell nucleus derived from not only F1 strains but also inbred strains. However, to date, all cloned mice have been generated using F1 mouse oocytes as the recipient cytoplasm. Here, we attempted to generate cloned mice from oocytes derived from the ICR-outbred mouse strain. Cumulus cell nuclei derived from BDF1 and ICR mouse strains were injected into enucleated oocytes of both strains to create four groups. Subsequently, the quality and developmental potential of the cloned embryos were examined. ICR oocytes were more susceptible to damage associated with nuclear injection than BDF1 oocytes, but their activation rate and several epigenetic markers of reconstructed cloned oocytes/ embryos were similar to those of BDF1 oocytes. When cloned embryos were cultured for up to 4 days, those derived from ICR oocytes demonstrated a significantly decreased rate of development to the blastocyst stage, irrespective of the nuclear donor mouse strain. However, when cloned embryos derived from ICR oocytes were transferred to female recipients at the two-cell stage, healthy cloned offspring were obtained at a success rate similar to that using BDF1 oocytes. The ICR mouse strain is very popular for biological research and less expensive to establish than most other strains. Thus, the results of this study should promote the study of nuclear reprogramming not only by reducing the cost of experiments but also by allowing us to study the effect of oocyte cytoplasm by comparing it between strains.
Introduction
Although the successful production of cloned animals using somatic cell nuclear transfer is a promising technology with several potential applications in basic research, medicine and agriculture (Yang et al. 2007) , the low success rate of cloning is a major obstacle to the widespread use of this technology (Thuan et al. 2010) . Since the first cloned adult mammal was born (Wilmut et al. 1997) , many studies have focused on modifying the cloning procedure. For example, in the mouse studies, technical improvement (Wakayama et al. 1998 , 2016 , Kishikawa et al. 1999 , Boiani et al. 2003 , Terashita et al. 2012 and selecting the optimal donor cell type (Wakayama & Yanagimachi 2001 , Inoue et al. 2003 , Thuan et al. 2010 , Mizutani et al. 2016 , Kuwayama et al. 2017 were reported; however, most of them failed to improve the success rate of producing cloned offspring. A major breakthrough in this context occurred when epigenetic abnormalities were corrected using the histone deacetylase inhibitor (HDACi) trichostatin A (TSA) (Kishigami et al. 2006) , which increased the success rate by up to six times compared with the success rate of the original method. Using several types of HDACi, we can now produce cloned mice from several inbred strains for which this was not previously possible (Kishigami et al. 2007 , Van Thuan et al. 2009 , Ono et al. 2010 , Thuan et al. 2010 . The reprogramming potential of somatic cell nuclei derived from inbred strains is probably lower or is associated with certain obstacles compared with that of F1 somatic cell nuclei.
However, it remains unclear whether the reprogramming potential of oocyte cytoplasm differs among mouse strains. For example, oocyte composition, particularly the protein level, is a proxy for reprogramming ability; this is a key factor for the success of cloning. This concept led to the pursuit of the so-called reprogrammome (Pfeiffer et al. 2011) , which may differ among oocytes of inbred mouse strains (Pfeiffer et al. 2015) . Previously, it was demonstrated that the protein composition of oocyte of different mouse strains was different and these differences correlated with following embryonic developmental differences (Latham 1994) . Recently, a quantitative proteomics analysis was performed, and more than thousands of proteins in mouse oocytes were identified (Wang et al. 2010 , Ma et al. 2013 , Pfeiffer et al. 2015 . These reports suggested that the potential of oocytes of different strains was clearly different and it influences the features of embryos. Comparing the success rate of full-term cloning when oocytes are supplied from different inbred strains, factors for the successful reprogramming of oocyte cytoplasm could be successfully identified.
However, when several inbred mice oocytes, such as C57BL/6, DBA/2 or 129/Sv, were used as nuclear recipients, most of them developed to the two-cell stage, but only few cloned embryos developed to the blastocyst stage (Wakayama & Yanagimachi 2001 , Gao et al. 2004 , Pfeiffer et al. 2015 . The reason for this poor developmental potential of cloned embryos is unclear, but it is likely that the ability to develop to the blastocyst depends on the oocyte composition of the mouse strain. Yen et al. reported that the amount of several reprogramming factors in mouse oocytes was different among mouse strains (Yan et al. 2010) . In addition, it is not surprising because even in normal fertilized embryos, the developmental potential in vitro was always found to be lower in inbred embryos than in F1 embryos. Therefore, to the best of our knowledge, to date, all cloned mice have been generated from F1 mouse oocytes (Wakayama & Yanagimachi 2001 , Gao et al. 2003 , Inoue et al. 2003 .
On the other hand, it is well known that outbred strains, such as ICR (CD-1), are less expensive to establish compared with inbred or F1 mouse strains, which is an important factor for a large number of experiments, particularly in small laboratories. Previously, it was thought that ICR mice were not the appropriate strains for the study of embryos in vitro, but the CZB medium was developed to overcome this obstacle (Chatot et al. 1990 ). The rate of cloning success by the original nuclear transfer method using F1 oocytes is approximately 2% (Thuan et al. 2010) . Therefore, compared with F1 oocytes, if the original nuclear transfer method was used on ICR oocytes, the success rate would probably be much lower; in other words, it is extremely unlikely that cloned offspring would be obtained. However, recent improvements in mouse cloning techniques have suggested that these obstacles may not be insurmountable. Specifically, if the newest method is used, it may be possible to produce cloned mice from inbred or outbred oocytes instead of F1 oocytes. Therefore, in this study, we examined the possibility of using recipient oocytes from the ICRoutbred mouse strain.
Materials and methods

Animals
ICR and B6D2F1 (C57BL/6 × DBA/2) mice, aged 8-10 weeks, were used to produce oocytes, spermatozoa and cumulus cells.
The surrogate pseudopregnant females used as embryo transfer recipients were ICR strain mice mated with vasectomized males of the same strain. BD129F1 (B6D2F1 × 129/Sv) mice were used to collect cumulus cells as donor cells. B6D2F1 and ICR mice were purchased from Shizuoka Laboratory Animal Center (Hamamatsu, Japan). The BD129F1 strain was bred in our mouse facility. On the day of the experiments or after having finished all experiments, mice were euthanized by CO 2 inhalation or by cervical dislocation and used for experiments. All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal Experimentation of the University of Yamanashi.
Collection of oocytes and cumulus cells
Mature oocytes were collected from the oviducts of 8-10-weekold female mice that had been induced to superovulate with 5 IU pregnant mare serum gonadotropin (Teikokuzoki, Tokyo, Japan) followed by 5 IU human chorionic gonadotropin (Teikokuzoki) 48 h later. Cumulus-oocyte complexes (COCs) were collected from the oviducts approximately 16 h after hCG injection. After collection, COCs were placed in HEPESbuffered CZB medium (H-CZB) (Chatot et al. 1990 ) and treated with 0.1% bovine testicular hyaluronidase (Sigma-Aldrich). After several minutes, the cumulus-free oocytes were washed twice and then moved to a droplet of CZB medium for culture. At the same time, the remaining cumulus cells were introduced into the PVP medium (Kimura & Yanagimachi 1995) on the manipulation chamber.
Somatic cell nuclear transfer
Groups of oocytes were transferred into a droplet of H-CZB containing 5-mg/mL CB on the microscope stage for enucleation of the metaphase II (MII) spindle. Oocytes undergoing microsurgery were held with a holding pipette and a hole was made in the zona pellucida following the application of several piezo-pulses (Prime Tech, Ibaraki, Japan) to an enucleation pipette. The MII chromosome-spindle complex was aspirated into the pipette with a minimal volume of ooplasm. After enucleation of all oocytes in one group, they were transferred into the CZB medium. For nuclear injection, donor cumulus cells were gently aspirated in and out of the injection pipette until their nuclei were largely devoid of visible cytoplasmic membrane. Each nucleus was immediately injected into an enucleated oocyte. Those reconstructed oocytes were kept in the incubator until activation.
In this study, cumulus cell nuclei collected from BDF1 and ICR mice were injected into oocytes collected from BDF1 and ICR mice to create four groups. In addition, BD129F1 cumulus cell nuclei were injected into BDF1 and ICR oocytes to confirm the results using different donor strains.
Production of fertilized embryos by intracytoplasmic sperm injection (ICSI)
ICSI was performed as described previously (Kimura & Yanagimachi 1995) . The sperm head derived from an ICR male mouse was separated from the tail by the application of several piezo-pulses, and the head was then injected into the oocyte derived from an ICR female mouse. After 10 min of recovery at room temperature, the oocyte was cultured in the CZB medium for preimplantation development.
Immunostaining
Embryos at 10 h after activation were fixed in PBS containing 4% paraformaldehyde and 0.2% (v/v) Triton X-100 (Nacalai Tesque, Kyoto, Japan) for 20 min. The fixed oocytes were washed twice in PBS containing 0.25% (w/v) BSA (Nacalai Tesque) (PBS-BSA) for 15 min each. Embryos were then incubated with the primary antibodies: rabbit polyclonal anti-acH3K14 (1:100 dilution; Upstate Biotechnology Inc.), mouse monoclonal anti-H3K9me2 (1:100 dilution; Abcam Inc.) or rabbit monoclonal anti-H3K4me2 (1:100 dilution; Abcam Inc.) in PBS-BSA overnight at 4°C. After the embryos had been washed twice in PBS-BSA for 15 min each time, they were incubated for 1 h with dyeconjugated secondary antibodies: Alexa-Fluor 488-labeled goat anti-mouse IgG (Molecular Probes Inc) or AlexaFluor 488-labeled goat anti-rabbit IgG (Molecular Probes Inc.) at 25°C. After washing the embryos twice in PBS-BSA, they were mounted on a glass slide in Vectashield antibleaching solution (Vector Laboratories, Burlingame, CA, USA) containing 3-µg/mL DAPI (Molecular Probes Inc.). Subsequently, serial images were obtained using fluorescence confocal microscopy (FV-1200; Olympus Corp.). Relative acH3K14, H3K9me2 and H3K4me2 levels in embryos were measured using Olympus Fluor View (Olympus).
Activation of reconstructed oocytes and embryo transfer
Reconstructed oocytes were activated using 5 mM SrCl 2 in the Ca 2+ -free CZB medium in the presence of 50 nM TSA supplemented with 5 µM LatA for 10 h and then cultured in CZB until embryo transfer. The next day, the cloned embryos that had reached the two-cell stage were transferred into the oviducts of pseudopregnant ICR strain female mice at 0.5 days post-coitum (dpc). These mice had been mated with a vasectomized male the night before transfer and anesthetized using a peritoneal injection of Avertin just before the embryo transfer. At 19.5 dpc, the offspring were delivered by Cesarean section, and cloned pups were transferred to the cage of a naturally delivered foster mother.
Statistical analysis
The survival rate of injected oocytes, blastocyst formation rate, offspring development rate and body and placental weights were evaluated using Chi-squared tests. Fluorescence levels were evaluated using Student's t-test, and P < 0.05 was considered to represent a statistically significant difference.
Results
Manipulation of ICR oocytes as a recipient for nuclear transfer
ICR oocytes were slightly more transparent and had fewer small granules inside the cytoplasm than BDF1 oocytes (Fig. 1A) . Although the metaphase bump of ICR oocytes was not obvious, the MII spindle could be easily identified by its color and hardness, and these oocytes could be easily enucleated, similar to BDF1 oocytes (Fig. 1B and C) . When donor nuclei were injected into enucleated ICR oocytes, the survival rate decreased significantly compared with that of F1 oocytes, irrespective of the donor mouse strain (Fig. 1D) . However, the activation rate and pronuclear formation rate of reconstructed ICR oocytes were similar to those of F1 oocytes (Table 1) .
Cavity-like structure (CLS) in nucleolus precursor body (NPB)
Six hours after activation, most reconstructed ICR oocytes formed a pseudopronucleus, irrespective of the donor mouse strain. However, we noticed that nearly half (43%) of the cloned embryos demonstrated a CLS inside the NPB (Fig. 1E) , irrespective of the donor strain, but this did not occur when F 1 oocytes were used ( Table 2) . The size or number of CLS inside the NPB varied among the cloned zygotes. We categorized each zygote as having a small, large, double or no CLS, and then examined the capacity of these different zygotes to develop to blastocysts (Fig. 1F, Table 2 ). Although there were different numbers of zygotes in each of these categories, the rate of development to blastocysts did not differ among them and was similar to that in the group without CLS. This phenomenon was not observed in ICR-fertilized (ICSI) embryos, but approximately 30% of the parthenogenetically activated oocytes demonstrated CLS formation similar to that in ICR-cloned embryos (Table 2) .
Epigenetic similarity of cloned embryos between ICR and F1 oocytes
Cloned embryos exhibit several epigenetic differences compared with those exhibited by fertilized embryos (Wang et al. 2007 , Terashita et al. 2013 . Here, we investigated whether the cloned embryos generated from ICR oocytes also exhibited epigenetic differences compared with those exhibited by fertilized embryos and, if so, whether the differences were similar to those of embryos derived from F1 oocytes. To investigate this, cloned embryos derived from ICR or F1 oocytes and fertilized embryos were fixed at the pronuclear stage and immunostained with antibodies to acetylated histone H3 at lysine 14 (acH3K14) (Fig. 1G) and to dimethylated histone H3 at lysine 4 and 9 (H3K4me2 and H3K9me2) ( Fig. 1H and I ). As shown in Fig. 1J , the acetylation and methylation levels did not differ between cloned embryos derived from ICR and from F1 oocytes, but were abnormally high or low, respectively, compared with those of control-fertilized embryos.
In vitro development of cloned embryos derived from ICR oocytes
When these cloned embryos were cultured for up to 5 days, the developmental rate at each stage was decreased in embryos derived from ICR oocytes (24.6%-30.0%) compared with that in embryos derived from F1 oocytes (71.4%-79.1%), irrespective of the donor mouse strain ( Fig. 2A and B, Table 1 ). When the cloned blastocysts derived from ICR oocytes were transferred into the uteri of female recipients, none of the embryos developed to full term. On the other hand, in a control experiment in which ICR oocytes fertilized with ICR spermatozoa were cultured in vitro for 4 days, 75.6% of them developed to blastocysts (Table 2) .
Full-term development of cloned embryos derived from ICR oocytes
To test whether ICR oocytes can be used to generate cloned mice, cloned embryos derived from ICR or F1 oocytes were transferred to surrogate mothers. As shown in Table 3 , approximately 80% of cloned embryos could develop to the two-cell stage, irrespective of the type of oocyte or donor nucleus (Fig. 2C) . Subsequently, these two-cell embryos were transferred to the oviduct of female recipients. Consequently, healthy cloned mice were obtained (Fig. 2D ) from all groups, and the birth rate was slightly lower using ICR oocytes (1.9%) than using F1 oocytes (2.6%), but the difference was not significant (Table 3) . We attempted to confirm these results using another mouse strain, BD129F1, as a nuclear donor; the cumulus cells of this strain are known to have a higher cloning success rate than those of other strains (Ono et al. 2010 , Wakayama et al. 2013 . When the cumulus cell nuclei were injected into ICR or F1 enucleated oocytes, the success rate of obtaining cloned mice was 6% or 14%, respectively (Table 3 ).
The mean body weight and placenta weight are shown in Fig. 2E and F. The cloned offspring obtained using ICR mice as a nuclear donor were slightly heavier than those obtained using F1 mice, irrespective of the oocyte strain; no such difference was observed between the weights of cloned offspring obtained using the ICR strain as the source of the recipient oocytes and those obtained using F1 strain as the source. Moreover, placenta weight demonstrated no relationship with donor or oocyte strain (0.25 g-0.33 g in all cases); however, for all donor and oocyte combinations, the cloned mice exhibited specific abnormalities (hypertrophic placenta: placentomegaly), and the placenta was two to three times heavier than that of control-fertilized offspring (0.12 g-0.15 g). Note that in this study, we used the ICR strain as a surrogate mother and obtained ICR clones from ICR oocytes. Thus, we could not demonstrate the success of cloning by coat color. However, placentomegaly could be used to demonstrate the success of mouse cloning because this phenomenon never occurs in normally fertilized offspring (Wakayama & Yanagimachi 1999) .
Discussion
In this study, we focused on whether cloned mice can be obtained using oocytes derived from an ICR-outbred strain because, to date, all clones have been produced using F1 mouse oocytes (Wakayama & Yanagimachi 2001 , Gao et al. 2003 , Inoue et al. 2003 . The results demonstrated that oocytes from the ICR strain can be used as a substitute for those from an F1 strain to produce cloned mice if appropriate conditions are applied. The survival rate on nuclear injection of ICR oocytes was slightly lower than that on nuclear injection of F1 oocytes. This might be an inherent feature of this strain's oocytes because, even with ICSI, the survival rate was slightly lower on using ICR oocytes than on using F1 oocytes (data not shown). Pfeiffer et al. also reported that recovery from the stress of manipulation depends on the oocyte composition of strains (Pfeiffer et al. 2015) . This reduction in the survival rate might be avoided using other nuclear transfer methods, such as electrofusion (Ogura et al. 2000) or Sendai virus fusion (Ono et al. 2001 ). Once reconstructed oocytes had survived nuclear injection, their subsequent response (activation and pronuclear formation) was almost the same as that of F1 oocytes.
The most striking difference between ICR and F1 oocytes was the developmental potential of the cloned embryos in vitro. When cloned embryos derived from ICR oocytes were cultured in vitro for 5 days, only approximately 30% of them developed to the blastocyst stage, whereas >70% of the cloned embryos derived from F1 oocytes developed to blastocysts. Under our culture conditions, most ICR oocytes fertilized with ICR spermatozoa developed to blastocysts; therefore, this poor developmental potential was only observed in cloned embryos derived from ICR oocytes. However, interestingly, when these cloned embryos were transferred to the oviduct at the two-cell stage, the rate of full-term development was almost comparable to that of cloned embryos derived from F1 oocytes. In this context, the following question arises: How can cloned embryos derived from ICR oocytes develop in vivo but not in vitro?
In general, when in vitro-fertilized embryos were transferred to the oviduct at the two-cell stage, the rate of successfully producing offspring was better than that by uterus transfer at the morula/blastocyst stage for which culture was performed for 4 days in vitro (Terashita et al. 2011 , Itoi et al. 2012 . In addition, it was previously difficult to culture ICR embryos in vitro because of the 'two-cell block', which never occurred in vivo. Although this blocking phenomenon was abolished by improving the culture medium (Chatot et al. 1990) , the medium was developed only for fertilized embryos and not for cloned ones, and it is known that the optimal culture conditions differ between fertilized and cloned embryos (Gao et al. 2004 , Boiani et al. 2005 . These results suggested that even when using the CZB medium, the in vitro culture conditions of cloned embryos derived from ICR oocytes are less optimal than those in vivo or that ICR oocyte clones were more sensitive and fragile than fertilized ICR embryos. Another difference is the CLS formation in cloned embryos derived from ICR oocytes, including that in nearly half of the one-cell-cloned embryos, which did not occur in cloned embryos derived from F1 oocytes and normally fertilized ICR oocytes. Our experiment demonstrated that CLS formation occurred when ICR oocytes were parthenogenetically activated. At present, the mechanism underlying CLS formation is not clear, but it cannot be ruled out that artificial oocyte activation for the ICR strain causes unknown damage to the embryos. This may reduce embryo quality and decrease the developmental rate in vitro. If this is the case, we must improve the oocyte activation methods to more natural methods, such as activation by spermatozoa (Kishikawa et al. 1999 ). These differences suggested that further research using ICR oocytes is required.
Importantly, when ICR oocyte clones at the two-cell stage were transferred to the oviduct, the birth rate of cloned offspring was relatively similar to that of F1 oocyte clones, irrespective of the nuclear donor strain. Both clones showed placentomegaly, which was an abnormal phenotype specific to cloned mice. Thus, even when clones were generated using ICR oocytes, the obtained offspring were comparable to typical clones derived from F1 oocytes, which suggested that the ICR strain can be used as a substitute for the F1 strain as an oocyte supplier. In this study, we used TSA and Latrunculin A, which were not used in the original mouse cloning method (Wakayama et al. 1998) . TSA enhanced epigenetic modification (Kishigami et al. 2006) and LatA reduced cytotoxicity during the nuclear transfer procedure (Terashita et al. 2012) . These factors may also have contributed to the success of ICR cloning.
The ICR strain is used worldwide and is usually cheaper than other mouse strains, costing nearly half the price of F1 or inbred strains. Therefore, the cost of mouse cloning experiments will be reduced if the ICR strain is used. In addition, if different strains' oocytes are used, factors for the reprogramming of oocyte cytoplasm will be compared between those different strains, which may provide an insight to help us identify the most important factors for reprogramming.
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